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ABSTRACT: The quantification of ozone by SIFT MS was 
investigated in conditions suitable with an industrial emission 
context (high ozone demand, dry air/oxygen as the 
manufacturing gas of the ozone generator, and high humidity 
levels beyond saturation at room conditions). Ozone reacts -Â ... -t ... 
I .. 
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with four negative precursor ions available in the SIFT MS 0•••• ._,., device (N02 -, 02 -, HO-, and o-), each precursor ion having 
its specific domain oflinearity. For a high ozone concentration 
range, only N02 - and 02 - have resulted in a linear behavior 
(between 1 and 100 ppmv of03 for N02-, between 1 and 50
ppmv of 03 for 02 -). No water interference was identified 
during ozone measurements by SIFT MS using N02 - and 
SIFT/MS 
(i,egotive iOfl sœne) � n • 
02 - precursor ions, even with extreme humidity levels. The presence of nitrogen oxide contaminants ( due to the use of dry air 
as the manufacturing gas of the ozone genera tor) affected the ozone quantification by SIFT MS. It is critical for N 02 - precursor 
ions, whose rate constant varied as a function ofN02 concentrations. With 02 - precursor ion, ozone was successfully measured 
in the presence of nitrogen oxides; however, the secondary chemistry must be taken into account. 
B esides its crucial role in controlling the UV radiation inthe upper atmosphere, ozone (03) is an important 
primary oxidant employed in chemical treatment processes. 
Because of its high oxidation potential, ozone has been applied 
worldwide in water treatment for disinfection and removal of 
color, taste, odor, and micropollutants in drinking water. 1 It is 
also employed in advanced oxidation processes (AOP) to treat 
emerging pollutants in wastewater treatments. 2,3 Furthermore, 
some studies have revealed that ozonation can remove volatile 
organic compounds (VOCs) from gaseous efBuents4 and is 
able to reduce the odor intensity by removing specific 
components.5 
ln this chemical treatment context, ozone is usually 
generated in the gas phase by plasma/corona discharge 
( when an air or oxygen flow passes through two electrodes 
under high voltage) or by UV lamps ( at wavelengths under 200 
nm).6-8 As higher ozone concentrations are produced by 
plasma discharge, this technique is frequently applied in studies 
with industrial conditions.2,s,9, io However, when air is fed into 
the ozone generator (corona discharge), the presence of 
contaminants such as nitrogen oxides has been identified.11'12 
Ozone is commonly analyzed using UV analysis ( at 254 nm 
wavelenfh), by iodometric or by indigo colorimetric 
studies.6' ' 13 ln parallel to these traditional analytical methods, 
only a few studies have investigated the measurement of ozone 
concentrations by mass spectrometry based techniques, such 
as selected ion flow tube ( SIFT MS) 11 and ion trap.14 
Particularly in an industrial context, SIFT MS has emerged 
as an interesting technique because it is able to analyze in real 
time a wide variety of compounds at trace levels in gas phase 
through an ionization reaction with H30+, NO+, and 0/.
15-18 
ln recent years, live negative ions (No2-, N03-, 02-, Ho-, 
and o-) have been integrated to the range of precursor ions 
available for analysis of samples, broadening the list of 
compounds analyzed by SIFT MS
19-adding among them 
ozone, which can only react with negative precursor ions 
because its proton affinity is smaller than water (625.5 vs 691 
1g mol-1 ).
20 The quantification of neutral compounds by 
SIFT MS is based on soft ionization reaction with precursor 
ions, carried out in a region with fixed conditions ( temper 
ature, pressure, and reaction time). 
15'21 According to Williams
et al., 1 ozone reacts with four negative precursor ions available 
in the SIFT MS device (N02 -, 02 -, HO-, and o-), being only 
unreactive to N03-. The ionization of 03 usually proceeds via 
charge and O atom transfer, as shown in eq 1 for N02 -, eq 2 
for 02 -, eq 3 for Ho-, and eq 4 for o-. 
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Previous studies in the 1970s and 1980s investigated the
reaction between ozone and negative ions applying different
experimental techniques (such as flowing afterglow22,23 and
ion beam methods24). Dotan et al.23 studied the reaction
between O3 and OH
− and reported the conversion of O3
− ion
to CO3
− and O2 in the presence of CO2 (with a rate constant
of 5.5 × 10−10 cm3 molecule−1 s−1). In addition to the rate
constant of O2
− ion and ozone, Fahey et al.22 reported the
cluster formation in the presence of humidity, in which O2
−·
(H2O)n 1,2,3,4 ions would react with O3 by a considerable fast
charge transfer and the water molecule transfer (10−10 cm3
molecule−1 s−1). Cluster formations in SIFT MS happen via
sequential three body association, in which the molecule of the
carrier gas acts as a stabilizing agent.25 The nature of the
carrier gas in the reaction chamber (flow tube) may influence
the cluster formation and therefore modify its related rate
coefficients.
The objective of this work was to explore in more detail the
quantification of ozone by SIFT MS in the context of industrial
gas emission. Industrial gaseous effluents are usually a mixture
of several compounds, often presenting high humidity levels, in
which ozone based treatment systems apply quite high ozone
concentrations (several hundred ppmv). The determination of
the rate coefficient was one of the objectives of this study
because the SIFT MS device was employed under different
operating conditions than those reported in the literature:11 a
higher temperature of the flow tube and a different carrier gas
(nitrogen). Moreover, the present study investigated the
impact of the humidity and the effect of the nature of the
manufacturing gas (oxygen or dry air for ozone generator) on
ozone quantification by SIFT MS.
■ MATERIALS AND METHODS
Ozone and Humid Air Generation. Ozone was
generated by a plasma discharge ozone generator (HTU500
AZCO Industries Limited, Canada) fed by oxygen (99.999%,
Linde Gas, France) and by dry air (dew point equal to −40 °C
at 101.3 kPa), which was produced by an air compressor
(ZR55, oil free air ISO 8573 1 class 0, Atlas Copco France)
integrated to an air filter (Olympian Plus, Norgren, U.K.).
Ozone concentration could vary from 370 ppmv to 4000 ppmv
with dry air and from 760 ppmv to 4800 ppmv with oxygen,
depending on the gas flow and the generator power. Ozone
concentrations were measured directly after its production by
an UV analyzer (BMT 964, BMT MESSTECHNIK GMBH,
Germany). The calibration was performed between 1 ppmv
and 100 ppmv (at 6 levels) from the dilution of ozone air or
ozone oxygen stream into an air stream, whose gas flows were
controlled by mass flowmeters (SLA 5850S B Brooks Instru
ments, U.S.A.).
A humidification system (Serv’Instrumentation, France) was
employed to generate calibrated humidity levels from 0.01%vol
of H2O (dry air, dew point equal to −40 °C at 101.3 kPa) until
4.00%vol of H2O (dew point equal to 29 °C at 101.3 kPa), at
five different levels of humidity. Since the range from 2.00 to
4.00%vol of H2O was higher than the saturation at room
conditions (20 °C and 101.3 kPa), the system was heated at 40
°C by a heated circulating oil bath (Model 1160S, VWR,
U.S.A.), composed of a stainless steel smooth coil immersed in
a synthetic thermoliquid (Ultra 350, Lauda, Germany)
installed at the air line after the humidification system. The
gas line between the mixture point and the SIFT MS was
isolated and heated using a heated cable (FGR 100, Omegalux,
France) to prevent condensation. The estimated residence
time of gas in the system (between the mixture point and
SIFT MS device) was 2 s.
SIFT-MS Analysis. The SIFT MS device applied in this
study (Voice 200ultra, Syft Technologies Ltd., New Zealand)
produced the negative precursor ions by microwave discharge
using wet conditions for HO− and O2
− and using dry
conditions for NO2
− and O−. Only one precursor ion was
selected at a time by a first quadrupole mass filter and was then
injected to the reaction chamber (flow tube) by a nitrogen flow
(180 NmL min −1) as carrier gas, whereas the sample was
introduced by a calibrated capillary at 20 NmL min−1. In the
flow tube (kept at 119 °C and 0.07 kPa), the analyte (neutral
compound) reacted with a selected precursor ion and
generated product ions with specific mass to charge ratios
(m/z) that were quantified by a second quadrupole mass
spectrometer, calculating a count rate per second (signal
intensity in cps).11,15
The analyte concentration in the flow tube ([A]ft in
molecules cm−3) was calculated by eq 5, which depends on
the rate coefficient (k in cm3 molecule−1 s−1) of the reaction
between the neutral compound and the precursor ion, on the
ratio between the precursor ion count rate at time equal to 0
([I0] in cps) and at time t ([I] in cps) and the reaction time in
the flow tube (t in s) (considered equal to 5 ms for the Syft
model used in this study). In case of a monoconstituent and
m/z < 100, the product ion count rate ([P]) can be expressed
as the difference between [I0] and [I]. eq 5 in function of [P]
leads to eq 6.
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A critical point on applying SIFT MS analysis is the condition
of linear correlation between [P] and [A]ft. It is only valid for
low concentrations of analytes, and hence, the precursor ion is
only slightly consumed.15 This linear correlation between [P]/
[I] and [A]ft was obtained rearranging the eq 6 to eq 8, when
the limit of k[A]ftt approaching zero was considered in the
exponential expression (eq 7), neglecting the differential
diffusion between precursor and product ions.
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In Figure 1, it is clear that the linear correlation between [P]
and [A]ft is only valid for [P]/[I] < 1. Knowing the [A]ft and
the operating conditions of the flow tube, the analyte
concentration in the sample ([A]sample in ppmv) could be
calculated by eq 9, where Tft (K) is the flow tube temperature,
Pft (kPa) is the flow tube pressure, φs is the sample flow (NmL
min−1), φc is the carrier gas flow (NmL min
−1), and kb the
Boltzmann constant (equivalent to the ratio of the ideal gas
constant by the Avogadro number, i.e., 1.4 × 10−20 kPa cm3
molecule−1 K−1).
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In the same way that analyte concentration was calculated by
eq 5, the rate coefficient could also be obtained. It represents
the slope of the linear correlation of ln(([P]+[I])/[I]) vs
[A]ftt, if the [A]sample and, consequently, [A]ft are known. In the
case when more than one product ion is generated, the
branching ratio of each product ion can also be obtained from
eq 5. When all product ion count rates were summed in [P], a
global rate coefficient was obtained. Whereas, when only the
count rate of one of theproduct ions was considered to
calculate [P], a partial rate coefficient was acquired. The ratio
between the partial and the global rate coefficient represents
the branching ratio of the specific product ion.
The limit of detection (LOD) in SIFT MS analysis was
calculated considering the confidence level equal to three
standard deviations above background (eq 10), as the limit of
quantification (LOQ) is the lowest concentration that can be
measured with a precision of ±20%26,27 (eq 11). bμ represents
the mean background count rate of the product ion at a
specific m/z ratio (cps); tm the time of measurement (s); and s
the sensitivity (cps ppbv−1), which represents how many
product ions (cps) at the specific m/z ratio were produced for
a given concentration of analyte. In this study, bμ and tm were
calculated from a blank analysis, i.e., without the presence of
the analyte (O3).
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■ RESULTS AND DISCUSSION
Linearity Range of Negative Ion Precursors as a
Function of Ozone Concentration. The respective spectra
Figure 1. Comparison between the linear eq 8 (dotted line) and the
exponential correlation represented by eq 6 (●).
Figure 2. Comparison between a blank analysis (black solid bars) and sample containing 75 ppmv of O3 generated by oxygen (red dashed bars).
(A) NO2
− precursor ion spectra. (B) O2
− precursor ion spectra. (C) O− precursor ion spectra and (D) HO− precursor ion spectra.
for each of the four negative precursor ions reactive to ozone11
are represented in Figure 2. They were obtained during full
scan (FS) mode and individually for each precursor ion. In FS
mode, the second quadrupole spectrometer scans over a mass
range covering from 15 to 250 m/z, calculating a count rate for
each unit of m/z. In Figure 2, the comparison of two different
samples is shown: the blank sample (black bars) is obtained
only when dry air is fed into SIFT MS flow tube, and the
second trace (red bars) is when 75 ppmv of O3 is produced
from oxygen and diluted in air.
In agreement with Williams et al.,11 the reaction between
NO2
− precursor ion and O3 generated mostly the NO3
− [m/z
62] product ion, with a slight generation of O3
− [m/z 48],
through a charge transfer mechanism (Figure 2A).
In the case of O2
−, O−, and HO− precursor ions, besides the
expected product ions O3
− [m/z 48], O2
− [m/z 32] (for O−
and HO− precursor ions), and HO2
− [m/z 33] (for HO−
precursor ion); CO3
− [m/z 60] ion was also detected (Figure
2B,C,D). The CO3
− generation is a result of the natural
occurrence of CO2 in air (around 400 ppmv)
28 as shown by
Dotan et al.23 while studying secondary chemistry of O3−.
Since a part of O3
− [m/z 48] product ions reacts with CO2 in
the flow tube, the product ion CO3
− [m/z 60] must also be
considered as a secondary reaction of O3
− [m/z 48] and be
counted for the quantification of ozone by O2
−, O−, and HO−
precursor ions.
However, the intensity signal of O− (Figure 2C) and HO−
(Figure 2D) precursor ions were less important than the sum
of product ions (O3
− [m/z 48]; O2
− [m/z 32]; HO2
− [m/z
33]; CO3
− [m/z 60] and HCO3
− [m/z 61]), resulting in [P]/
[I] ≫1 (equal to 3.9 for O− and 5.9 for HO−, considering the
sum of all product ions). Consequently, O− and HO−
precursor ions were out of the linearity domain when the
ozone concentration in the sample was at 75 ppmv (75% of the
maximum level of the studied range) for the flow tube
conditions applied in this study (i.e., for a mixing ratio of the
sample into the flow tube equal to 10%). Only NO2
− and O2
−
precursor ions have shown the potential to be linear in the
ozone concentration range studied ([P]/[I] was equal to 0.06
for NO2
− and to 0.97 to O2
− at 75 ppmv of O3). However, it
was expected that the O2
− precursor ion would not present a
linear relation during all the ozone concentration range,
because from 0.75, [P]/[I] shows a considerable deviation
from the linear expression (Figure 1).
Rate Coefficients of NO2
− and O2
− with Ozone. The
rate coefficients of O2
− and NO2
− precursor ions with O3
(shown in Table 1) were obtained using nitrogen as carrier gas,
a flow tube temperature at 392 K and considering the ozone
generated by oxygen and later diluted in air (at 5 levels of
humidity). They were calculated by eq 5, where O3
− [m/z 48]
and CO3
− [m/z 60] product ions were considered for O2
−
precursor ion and O3
− [m/z 48] and NO3
− [m/z 62] product
ions were counted for NO2
− precursor ion. The rate coefficient
of O2
− obtained in this study (1.3 ± 0.2 × 10−9 cm3
molecule−1 s−1) is in good agreement with Williams et al.11
(equal to 1.3 × 10−9 cm3 molecule−1 s−1), whereas in the case
of NO2
− rate coefficient, the value reported by Williams et al.11
(0.18 × 10−9 cm3 molecule−1 s−1) is slightly higher than the
one found in this study (0.12 ± 0.02 × 10−9 cm3 molecule−1
s−1). We have also reported a slightly higher contribution of
the charge transfer mechanism (equal to 8%) than the 1%
presented by Williams et al.11 The uncertainty of the rate
coefficients was calculated by the method of error propagation,
considering the error from the linearity regression and from
the ozone/humid air generation (estimated as <10%).
The ozone concentrations measured by SIFT MS when
applying the rate coefficients of NO2
− and O2
− of Table 1 are
shown in Figure 3. Concentrations calculated from NO2
−
precursor ion are in excellent agreement with the calibrated
ozone concentrations (slope = 0.989 in Figure 3), whereas
from O2
− precursor ion, it shows a deviation for concentrations
higher than 50 ppmv of O3. The falsely high concentrations
could be explained by elevated values of [P]/[I], which
suggests that O2
− precursor ion was out of the linear range for
ozone concentrations values higher than 50 ppmv (the slope
until 50 ppmv was equal to 1.017 in Figure 3).
The LOD of SIFT MS (Table 1) for measuring ozone
(generated by oxygen) by O2
− precursor ions is lower than by
NO2
− (with a measurement time equal to 60 s), which reflects
the difference of sensitivity of SIFT MS between the two
precursor ions. For NO2
− precursor ion, SIFT MS detected
170 cps ppmv−1 of O3; whereas for O2
− precursor ion, it
measured 2770 cps ppmv−1 of O3.
Table 1. Rate Coefficients, LOD, and LOQ for Ozone Generated by Oxygen and Dry Air
ozone
by oxygen by dry air
precursor product ions [branching ratio] ka LODb LOQb ka
NO2
− NO3
− + O2 [0.92] 0.12 ± 0.02 45 80 0.22 ± 0.04
O3
− + O2 [0.08]
O2
− O3
− + O2 1.3 ± 0.2 4 6 1.3 ± 0.1
O3
− + CO2 → CO3
− + O2
O3
− + NO2 → NO3
− + O2
a10−9 cm3 molecule−1 s−1. bppbv.
Figure 3. Comparison between the calibrated ozone concentrations
with those measured by NO2
− precursor ion (red ●) and O2
−
precursor ion (Δ).
Effect of Humidity. The influence of the humidity in the
measurement of ozone concentrations by SIFT MS was
investigated in a large range of H2O concentrations (0.01 to
4.00%vol) and for all five levels of ozone concentration
between 1 and 100 ppmv. All repetitions of the 5 levels of
humidity for each condition of ozone concentration are plotted
in Figure 3, and no considerable dispersion is observed. It
suggests that the quantification of ozone by NO2
− and O2
−
precursor ions were not affected by humidity, which was
confirmed by the analysis of [P]/[I] ratios for both precursor
ions at a fixed ozone concentration (75 ppmv) as a function of
H2O concentration (Figure 4). The [P]/[I] ratios did not
significantly vary with the increase of humidity, in agreement
with the analysis previously evidenced from Figure 3.
According to Figure 4B, the formation of the cluster O2·
(H2O) [m/z 50] from the precursor ion O2
− increased with
humidity. However, the ratio between the cluster O3
−·(H2O)
[m/z 66] (generated from product ion O3
−) and O2
− count
rate was negligible even with the highest H2O concentration.
The contrast behavior of water clusters compared to those
proposed by Fahey et al.22 could be explained by a different
experimental technique applied and by the use of helium as
carrier gas in the previous studies. Assuming that the water
cluster generation for negative ions follows a three body
mechanism similar to positive ions, the use of nitrogen may
have reduced the rate coefficient of the three body reactions,
minimizing the water cluster generation.
Effect of the Manufacturing Gas on Ozone Gen-
erator. In order to investigate the influence of NOx
contaminants on the ozone analysis by SIFT MS, a second
ozone calibration was carried out. Ozone was generated by dry
air and then diluted in air streams that contained five different
levels of humidity. Some differences between the calibration
when ozone was generated by oxygen and by dry air were
identified. They are shown in Figure 5, where NO2
− and O2
−
spectra of both samples containing the same concentration of
ozone (75 ppmv) are compared. A higher intensity of NO3
−
[m/z 62] product ion was generated from NO2
− precursor ion
(Figure 5A) when ozone was produced by dry air. Regarding
the O2
− spectra (Figure 5B), a third product ion was detected,
identified as NO3
− [m/z 62].
The presence of NO3
− on the O2
− spectra leads to two main
conclusions. First of all, it demonstrates the generation of NOx
contaminants when dry air is used as feed gas into the ozone
generator12 (NO2 could be detected
29 thanks to the positive
ion source integrated in SIFT MS device). Second, it indicates
a secondary chemistry related to the O3
− product ion as
previously proposed by Ferguson,30 in which O3
− would react
with NO2, generating NO3
− and O2.
The rate coefficient between O3 and O2
− obtained from the
ozone generated by dry air was similar to the rate obtained
with oxygen, as shown in Table 1. For the dry air condition,
the NO3
− product ion must be considered as a secondary
reaction of O3
− since one part of O3
− produced from O3/O2
−
reaction reacts with NO2 as well as with CO2. As the rate
coefficient has not varied, the domain of linearity for O2
−
precursor remains equivalent to the one found for ozone
generated by oxygen, and thus, accurate quantification is only
valid until 50 ppmv of O3.
The rate coefficient calculated for the O3/NO2
− reaction was
higher (around the double) when ozone was generated by dry
Figure 4. [P]/[I] of the product ions as a function of humidity at 75
ppmv of O3. (A) NO2
− precursor ion with NO3
− [m/z 62] (●) and
O3
− [m/z 48] (○). (B) O2
− precursor ion with O3
− [m/z 48] (▲);
CO3
−[m/z 60] (red △); O2
−·(H2O) [m/z 50] (■) and O3−·(H2O)
[m/z 66] (□).
Figure 5. Comparison between both samples containing 75 ppmv of O3 generated by oxygen (red dashed bars) and 75 ppmv of O3 generated by
dry air (blue solid bars). (A) NO2
− precursor ion spectra. (B) O2
− precursor ion spectra.
air compared to pure oxygen, as shown in Table 1. It suggests 
that NOx contaminants interfere on NO3- [m/z 62) product 
ion, misrepresenting the rate coefficient of O3/NO2 - reaction. 
Furthermore, the apparent rate coefficient of OiNO2 -
(calculated individually for each condition of the calibration) 
has increased as a function of the concentration of nitrogen 
dioxide (NO2), as shown in Figure 6. The NO2 concentrations 
were obtained from the NO/ [m/z 46) from 0/ precursor 
ion, applying the rate coefficient available in LabSyft kinetics 
database (relea se 1.6.2).29 
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Figure 6. Apparent rate coefficient of N02- with 03 generated by dry 
air (blue Â) and by oxygen (e) as a function of the N02 
concentration. 
Since the rate coefficient of NO2 - has shown a dependence 
with the concentration of NOx contaminants, it seems to be 
more appropriate to measure ozone concentration from the 
02 - precursor ion (if both secondary reactions are 
considered). However, it is limited by the domain of linearity. 
■ CONCLUSIONS
Orone can be successfully measured by SIFT MS up to 100 
ppmv, regardless of the humidity level of the sample. Four 
precursor ions can be used to measure ozone: NO2 -, 02 -, o-, 
and Ho- with each precursor ion having its specific domain of 
linearity. For high ozone concentration ranges-the interest of 
this study-only NO2 - and 02 - have resulted in a linear 
behavior (between 1 and 100 ppmv of 03 for NO2 - and 1 and 
50 ppmv of 03 for 02 - for the flow tube conditions applied in 
this study). In addition, no interference due to H2O content 
was identified during ozone measurements by SIFT MS for 
both precursor ions, which is an interesting property because 
water interference has been reported in the literature during 
ozone measurements by an UV analyzer.31 
Furthermore, the presence of nitrogen oxide contaminants 
and CO2 affected the ozone quantification by SIFT MS. 
Therefore , secondary chemistry conceming the reaction of 
CO2 and nitrogen oxides with 03 - ( characteristic product ion 
of 03 with 02 -) must be taken into account in order to 
accurately measure ozone concentration with 02 - precursor 
ion. In the case of NO2 - precursor ion, an overlapping with the 
ozone characteristic product ion was identified, incapacitating 
the use of NO2 - precursor for ozone quantification in the 
presence of nitrogen oxides (owne generator fed by dry air). 
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